Envelope spectrum analysis is a simple, effective, and classic method for bearing fault identification. However, in the wayside acoustic health monitoring system, owing to the high relative moving speed between the railway vehicle and the wayside mounted microphone, the recorded signal is embedded with Doppler effect, which brings in shift and expansion of the bearing fault characteristic frequency (FCF). What is more, the background noise is relatively heavy, which makes it difficult to identify the FCF. To solve the two problems, this study introduces solutions for the wayside acoustic fault diagnosis of train bearing based on Doppler effect reduction using the improved time-domain interpolation resampling (TIR) method and diagnosis-relevant information enhancement using Weighted-Correlation-Coefficient-Guided Stochastic Resonance (WCCSR) method. First, the traditional TIR method is improved by incorporating the original method with kinematic parameter estimation based on timefrequency analysis and curve fitting. Based on the estimated parameters, the Doppler effect is removed using the TIR easily. Second, WCCSR is employed to enhance the diagnosis-relevant period signal component in the obtained Doppler-free signal. Finally, paved with the above two procedures, the local fault is identified using envelope spectrum analysis. Simulated and experimental cases have verified the effectiveness of the proposed method.
Introduction
Wheel bearings are one of the key elements of railway vehicles and their failure is one of the most frequent reasons for railway transport accident. It is of great importance to ensure the health condition of them [1] . Wayside acoustic monitoring technique is one of the promising online health monitoring techniques for wheel bearings because of its noncontact measurement and the ability of early fault detection as well as low cost [2] [3] [4] . This technique is based on the assumption that diagnosis-relevant information is stored in the acoustic signals of bearings. With signal processing techniques, fault characteristic information can be extracted from the wayside recorded acoustic bearing signals [5] .
When a local defect appears inside the roller bearing, repeated spikes in time waveform excite the structure's resonance to high frequency band. By means of amplitude demodulation (like Hilbert transform) and the Fourier transform, the bearing fault characteristic frequency (FCF) on a demodulated spectrum can be identified [6, 7] . That is the basic idea of envelope spectrum analysis. Due to the advantage of universality, it has gained a leading role among various methods for bearing diagnosis in the last years. However, due to the high relative speed between the railway vehicle and the microphone, the wayside recorded signal is embedded with Doppler effect, which causes high frequency shift in the resonance frequency band. As a result, the phenomenon of FCF shift and expansion appears in the envelope spectrum reducing the diagnosis accuracy and effectiveness of the envelope spectrum analysis.
Generally, there are two methods to remove the Doppler effect embedded in wayside acoustic signals; one is the 2 Shock and Vibration dynamic signal resampling method, and the other is the time-domain interpolation resampling (TIR) method [8] . The basic idea of the first method is to resample the Dopplershifted signal with a time-varying sampling frequency set according to the local instantaneous frequency (IF). This method can be implemented based on the signal itself and there are many ways to achieve IF estimation (IFE). However, the effectiveness and accuracy highly depend on the IF estimation accuracy. And the IFE procedure usually needs artificial process. For example, in Zhang's method [9] , a small range of frequencies have to be selected artificially around the peak point of the frequency before time-frequency ridge line searching. In his method, the starting point for ridge line searching is chosen as the center point of the frequency band at the beginning of the variation curve which is determined by visual inspection. And the frequency area for ridge line searching is also selected manually. What is more, in practice, there are many other sound sources in the moving railway vehicles and the background noise is heavy which will affect the effectiveness of these methods. On the other hand, the amplitude modulation problem is also not considered in these methods. The basic idea of the second method is to restore the amplitude of the source signal using interpolation methods. It is absolutely a time-domain method; thus, the accuracy of the Doppler effect elimination can be improved. And both time-and frequency-domain structures can be corrected. However, the time series for interpolation is calculated based on the kinematic parameters that should be known beforehand or measured by sensors. This method cannot be implemented based on the signal itself. A parameter estimation method is proposed by Liu based on Doppler-let transform. The parameters can be estimated through correlation analysis between the wayside signal and a parameterized atom. The amount of computation is heavy and the effectiveness will be affected by the background noise and the other sound sources of the railway vehicles. In this study, a new technique using TF ridge extraction and curve fitting method is applied to estimate the parameters to improve the TIR method. Kinematic parameters are estimated prior to the interpolation process. In the proposed method, before TF ridge extraction, a strategy of background noise elimination and a strategy of interference elements elimination are provided to highlight the interested TF ridge line. The proposed two strategies can improve the accuracy of the TF ridge extraction and the program automation of arithmetic.
Another challenge is to enhance the weak diagnosisrelevant information from heavy background noise. There are many other sound sources in vehicles beside the wheel bearings, such as rolling noise, mechanical equipment noise, aerodynamic noise, and structural borne noise. Although the Doppler effect has been removed, identifying the FCF from the Doppler-free signal still remains difficult. In the last years, many methods for enhancing the diagnosis-relevant information of rotating machinery, such as digital filters [10, 11] , wavelet transform [12] [13] [14] , stochastic resonance (SR) [15, 16] , manifold learning [17, 18] , and morphological analysis [19, 20] , have been invented. Among them, SR can utilize noise to enhance the weak periodic signal, which benefits weak signal detection especially when the signal bandwidth is overlapped with the noise bandwidth. Utilizing this advantage, SRbased signal enhancement methods have been widely used in bearing fault diagnosis. In the SR method, a criterion is required to guide parameters tuning to obtain the optimal output. Weighted correlation coefficient (WCC) is a criterion first introduced by Wang et al. [21] . It is a product of the power spectrum kurtosis (PSK) of the output signal and the correlation coefficient (CC) between the input and the output signals. Comparing with the traditional signal-tonoise ratio (SNR) criterion, the WCC is a criterion in both time and frequency domain. This study proposes a diagnosis information enhancement process based on WCC-guided stochastic resonance (WCCSR) after the Doppler effect is removed. The periodicity of the weak Doppler-free signal can be improved so that the FCF can be identified more clearly. The proposed solution utilizes the Doppler effect reduction and information enhancement for noise treatment. The improvement of the TIR method allows fault diagnosis even without preknowledge of kinematic parameters. And the WCCSR can further enhance the FCF identification. Simulated and experimental case studies are conducted to verify the effectiveness of the introduced methods.
The remainder of this paper is organized as follows. The basic kinematic model of the wayside acoustic bearing monitoring system and the Doppler effect reduction using the traditional TIR are introduced in Section 2. Section 3 provides the kinematic parameter estimation based on TF ridge extraction. A simulated verification is also provided in this section. Section 4 is introduction of the diagnosis-relevant information enhancement using the WCCSR method. Section 5 discusses an experimental verification test using defective locomotive roller bearings with outer-and inner-race defects. Finally, Section 6 concludes this study.
Doppler Effect Reduction Using
Traditional TIR 2.1. Kinematic Model. According to the actual situation, the kinematic model of the wayside acoustic health monitoring can be created as shown in Figure 1 , where V stands for the velocity of the source point. The Mach number is = V/ that is lower than 1 in practice. denotes the wave velocity in air. denotes the distance between the bearing sound source and the microphone during the movement, and is a time-varying variable. is the distance between the microphone and moving path of the sound source. stands for the horizontal distance between the sound source and the microphone at the initial time. 0 is defined as the center frequency of distortion signal. The kinematic model can be described by the following parameters: {V, , }.
Assume the sound source emits a pure harmonic signal with center frequency of 0 . The frequency of the received signal can be described as follows which is derived based on Morse acoustic theory and kinematic relations [22] :
TIR.
The framework of the TIR is depicted in Figure 2 ; the steps are described as follows [8] .
(1) Receiving-Time Vector Calculation. The emitting-time vector is { } = {0, 1/ , 2/ , . . . , ( − 1)/ }, where stands for the resampling frequency and represents the length of the Doppler-shifted signal. The receiving-time vector { } is calculated using the receive-time-vector calculation formula as in (2) which is derived by kinematic model analyses. stands for the distance between the microphone and the middle of the track, and denotes the speed of sound propagation in air (established as = 340 m/s).
(2) Amplitude Demodulation. The amplitude of the Dopplershifted signal { } is restored according to the amplitude demodulation function described as follows:
(3) Signal Restoration Using Interpolation. The amplitude demodulated signal is interpolated using the receiving-time
Step (1). The restored signal can be expressed as { ( )}.
In this method, the receiving-time vector is calculated based on the kinematic parameters {V, , } that should be known beforehand. To overcome this limitation, kinematic parameter estimation based on the signal itself prior to the interpolation process is introduced in the next section to further improve the TIR method.
Kinematic Parameter Estimation
3.1. Scheme. Doppler effect phenomenon is a nonlinear timevarying nature. The time-varying characteristic depends on the kinematic parameters. The internal connection between the time-varying characteristic and the parameters can be described by (1) which is derived based on the Morse acoustic theory. So the kinematic parameters can be estimated through curve fitting on the TF ridge line of the recorded bearing signal.
Based on this idea, detailed steps of the estimation procedure are shown in Figure 3 . First, a band-pass filter is applied on the recorded bearing signal. Then, the time-frequency distribution (TFD) should be calculated. There are several ways to obtain good results of TFD [3] , such as wavelet transform [23, 24] , short-time Fourier transform (STFT) [25, 26] , Wigner-Ville distribution [27, 28] , and Hilbert-Huang transform [29, 30] . Among them, the STFT is sophisticated and effective in many situations, so it is employed in this study to obtain the TFD of the Doppler-shifted bearing signal. Considering that there are many other sound sources and the background noise is heavy, a strategy of background noise elimination and a strategy of interference elements elimination are provided to highlight the interested timefrequency ridge line. Finally, the kinematic parameters of sound source can be obtained through curve fitting using (1) on the TF ridge line based on the least-square method. After the kinematic parameters are determined, the receivingtime vector and the amplitude demodulation function are obtained according to the theory of TIR. The receivingtime vector is applied to resample the distortion signal 
(f 0 , , r, s) using curve fitting to eliminate the distortion in the time domain, and the amplitude demodulation function is used to correct the signal amplitude. The flowchart of kinematic parameter estimation is shown in Figure 3 . The process is roughly divided into four parts, namely, band-pass filtering and TFD, elimination of background noise, elimination of interference element, and kinematic parameter identification. Assume the recorded Doppler-shifted signal is ( ); the steps of the parameters estimation are as follows.
(1) Band-Pass Filtering and TFD. ( ) is obtained by using Butterworth band-pass filter on ( ). The TFD of ( ) is obtained as follows:
(2) Elimination of Background Noise. ( ) is not only polluted by noise but also interfered with by multiple frequency components. An energy threshold expressed as follows is set to distinguish between valid and noisy components:
where is the weight that is determined by experience.
( , ) is the average energy of the TF matrix. ( , ) represents the TF matrix of ( , ). This matrix has rows and columns. The noisy components can be eliminated using
After this step, all elements in this TF matrix ( , ) are labeled by 1 or 0. Then, the connected regions are determined according to the eight-connected-region algorithm [31, 32] . The detail steps can be described as follows:
(1) If the values of ( , − 1), ( − 1, − 1), ( − 1, ), and ( − 1, + 1) are zero, then ( , ) is the beginning of a connected region.
(2) If the values of ( , − 1) and ( − 1, + 1) are not zero, then the value of ( , ) will be set as the minimum between the two points, and the values of ( , − 1) and ( − 1, + 1) are also set as the minimum.
(3) If the values of ( − 1, − 1) and ( − 1, + 1) are not zero, then the value of ( , ) will be set as the minimum between the two points, and the values of ( − 1, − 1) and ( − 1, + 1) are also set as the minimum.
(4) Otherwise, the order of ( , − 1), ( − 1, − 1), ( −1, ), and ( −1, +1) is used to label ( , ).
The TF matrix ( , ) can be divided into several connected regions 1 ( , ) through the above steps. The pixels labeled as 0 are the background, the pixels labeled as 1 make up one object, the pixels labeled as 2 make up the second object, and so on. The value of each region will be set as the corresponding label to the next step of processing.
(3) Elimination of Interference Elements.
1 ( , ) can be eliminated when the length of 1 ( , ) is shorter than the length threshold which is determined by inspection, and the remaining area can be reserved as the target area 11 ( , ).
(4) Kinematic Parameter Identification. The local maximum is searched in each column of [ 11 ( , ). * ( , )] ( , ) . The TF ridge line can be attained by connecting all of the maximums of each column. Equation (1) is applied to curve fitting for the kinematic parameters ( 0 , V, , ).
Through the above four steps, we can obtain the kinematic parameters based on the wayside recorded signal with Doppler effect. Therefore, their values are not required to measure in advance. Such parameters are an important premise for the TIR method. This process is effective to overcome the limitation of traditional TIR. Thus, the agility and convenience of TIR can be improved. A simulated verification is carried out in the next section.
Simulated Verification.
In this case, a simulated Dopplershifted signal with four characteristic frequencies is analyzed to verify the effectiveness of the proposed parameters estimation method. The simulated signal is generated referring to the model in Figure 1 with the following assumption: = 1.5 m, = 1 m, V = 40 m/s, and = 340 m/s. The simulated Doppler-shifted signal can be expressed as [8] 
The four frequency components are 1 = 1000 Hz, 2 = 1300 Hz, 3 = 1500 Hz, and 4 = 1700 Hz, which are close to the characteristic frequency of the defective bearing in the subsequent experimental cases. The signal intensity is set as signal is = 4000. A random noise ( ) with intensity = 5 is added to the signal to simulate the actual situation. The simulated signal is demonstrated in Figure 4 (a), with its FFT spectrum in Figure 4 (b). According to the method introduced in Section 2, the TFD of the band-pass signal is obtained using STFT and shown in Figure 5(a) . Then, the background noise is eliminated using a threshold value of = 1507.1 ( = 7, ( , ) = 215.3). The pixels of the TFD matrix are labeled and classified to different regions using eight-connected-region algorithm. The result is shown in Figure 5 (b). The interference elements are then eliminated according to the length of the region. The minimum length is set to be 50 here. The TFD is updated in Figure 5 (c). It can be seen that the single main TF curve of the Doppler-shifted signal has be obtained. Finally, as shown in Figure 5 (d), the TF ridge line is attained by connecting all of the maximums of each column of the TF matrix. The kinematic parameters can then be estimated by using curve fitting based on the least-square method. The effect of the curve fitting and the parameters obtained from the curve fitting are shown in Figure 6 and Table 1 , respectively.
Paved with the estimated parameters, the Doppler-shifted signal is processed by TIR. The amplitude demodulation function is calculated according to (3) and is demonstrated in Figure 7 (a). This function is used to correct the signal amplitude. On the time dimension, the receiving-time vector is calculated using (2) , which is demonstrated in Figure 7(b) . The time series is used to interpolate the distortion signal to eliminate the distortion in the time domain. The TFD of the Doppler-free signal is shown in Figure 7 (c). It can be seen that TF curves are flat which indicates that the Doppler effect is totally removed.
The simulation in this section has verified the effectiveness of the proposed parameters estimation method based on TF ridge line extraction and curve fitting as well as the Doppler effect reduction using TIR. After this process, however, in practice, the FCF is still difficult to be identified. Hence, the information enhancement method using WCCSR is introduced in the next part. 
Information Enhancement Using WCCSR
After the Doppler effect is eliminated, however, there are many other sound sources on the railway vehicle and the background noise is heavy. The diagnosis-relevant information is submerged, so it is difficult to identify the FCF directly. SR has been widely applied for identifying the FCF in mechanical system. This method can enhance the output signal of a nonlinear dynamic system by means of noise addition to the system. Traditional SR methods used SNR as the criterion to tune the parameters [33, 34] . When the driving frequency is unknown, the SR methods cannot work favorably. The WCCSR utilizes WCC as criterion to guide parameters tuning. The WCC criterion concerns the signal characteristics in both time and frequency domains and it has been proved effective in bearing fault diagnosis [21] . In this paper, the WCCSR is applied to further analyze the Doppler-free signal to enhance the weak diagnosis-relevant information.
WCCSR Method.
The SR model can be described by
where ( ) = √ 2 ( ) satisfies ⟨ ( ) ( + )⟩ = 2 ( ), is noise intensity, ( ) is additive Gaussian white noise (AGWN) with zero mean and unit variation, ( ) = cos(2 + ) is the periodic signal with , , and being the amplitude, the driving frequency, and the phase, respectively, is the damping function, and and are the bistable potential parameters with positive real values. Subsequently, the system of SNR can be deduced as
The SNR of the output signal is a nonlinear function dominated by both the input signal and the system parameters. The optimal output signal can be achieved by tuning the system parameters for the deterministic input signal, so that weak periodic signal enhancement can be Shock and Vibration accomplished using SR. In practice, (9) can be solved by using the classical fourth-order Runge-Kutta equation as shown in the following: 
where ℎ is the calculation step, [ ], [ ], [ ], and [ ] are the discrete forms of ( ), ( ), ( ), and ( ), ( ) is the output signal, and ( ) is the first-order derivative of ( ), respectively. It can be seen from (11) that the output [ ] is dominated by the parameters ( , , ℎ, ). The optimal SR output can be obtained through tuning these parameters. The WCCSR method used WCC as the criterion to tune the parameters. The WCC criterion can be described as follows:
where PSK represents the power spectrum kurtosis of the SR output signal and CC is the correlation coefficient between the input and the SR output signals. PSK measures the kurtosis in the frequency domain while CC measures the similarity of the input signal and the output signal in time domain. A higher PSK indicates that a more pure singlefrequency signal is obtained. The CC criterion can prevent the extracted frequency component from deviating from that of the driving signal. The two criterions can be calculated via
where ( ) and ( ) represent the SR output signal and input signal, respectively, ( ) denotes the power spectrum of ( ), and is the length of discrete Fourier transform (DFT).
, , and represent the mean values of ( ), ( ), and ( ), respectively. The objective function for tuning of parameter can be expressed as (ℎ opt , opt ) = arg max ℎ∈(0,+∞), ∈(0,1) (WCC (ℎ, )) . If opt and ℎ opt are both within the search ranges, these two variables are the optimal parameters; otherwise, extend the range of and (or) ℎ; then, continue to search these optimal values.
Algorithm Flowchart.
The detailed procedure of the proposed information enhancement using WCCSR for the wayside Doppler-free bearing fault signal can be summarized as follows:
(1) Demodulate the bearing signal to uncover the periodicity.
(2) Initialize the search ranges and the intervals of the SR parameters and ℎ.
(3) Calculate the SR outputs and the corresponding WCCs through (4) and (7), respectively, under different parameter configurations. Ascertain the optimal parameters through (8). If both opt and ℎ opt are within the preset search ranges, go to Step (4); otherwise, extend the range of and (or) ℎ, and go back to Step (2).
(4) Construct the optimal filter using the optimal parameters opt and ℎ opt , and then obtain the optimal filtered signal.
Paved with the Doppler effect reduction process introduced in Section 3 and the diagnosis information enhancement provided in this section, the traditional envelope spectrum analysis can be applied easily to identify the FCF. Experimental signals using real defective train wheel bearings are analyzed in the next section. Figure 8 , two separate experiments are carried out to obtain the wayside defective bearing signal. For the details of the experiments, one can refer to [8] .
Experimental Case Study

Experiment Setup and Data Acquisition. As shown in
In the first experiment, the acoustic signal of the tested bearing (Type: NJ(P)3226X1) was acquired by the test bench in Figure 8(a) . The test bench consisted of a drive motor, two supporting pillow blocks, a tested bearing loaded on the outer race, and a mechanical radial loader. A microphone was mounted adjacent to the outer race of the tested bearing for acoustic signal measurement. The advanced data acquisition system (DAS) provided by National Instruments was used to collect data. The sampling frequency was taken as 50 kHz. The outer-race-fault frequency and the inner-race-fault frequency are 137 Hz and 195 Hz, respectively.
In the second experiment, the acoustic signals acquired in the first experiment were used to acquire the signals with Doppler effect. The second experiment is illustrated in Figure 1 , with the following parameters: = 4 m, = 2 m, and V = 30 m/s. As shown in Figure 8(b) , the experiment consisted of a moving vehicle (mounted with an acoustic source), as well as the same microphone and DAS as those in the first experiment. In this experiment, the sampling frequency was also set to be 50 kHz, the velocity of the moving car was read directly from the panel of the vehicle, and the speed of sound propagation in air was set to be = 340 m/s conventionally.
A signal artificial crack with 0.18 mm width was set by a wire-electrode cutting machine on the outer and inner races, as shown in Figure 9 . The Doppler-shifted bearing signals were then acquired by the aforementioned experimental steps. In the subsequent sections, the Doppler-shifted signals with the outer-race defect (size: 0.18 mm) and inner-race defect (size: 0.18 mm) were analyzed.
Outer-Race-Fault Signal Analysis.
The outer-race-fault signal and its TFD are shown in Figure 10 firstly. The proposed parameters estimation method and the TIR method are then applied on this signal. According to the scheme introduced in Section 3, the signal is firstly filtered by a Butterworth band-pass filter with the frequency band of [1700 Hz, 1800 Hz] and then handled with STFT to attain a TFD. The TFD of the band-pass signal is shown in Figure 11 (a). A major TF curve can be seen in the TFD and the IF can be obtained using curve fitting of this TF curve, but there are several other TF lines which will reduce the parameters estimation accuracy of the direct curve fitting. The TF ridge line extraction by the method proposed in this study was compared with the TF ridge line extraction based on the STFT directly. The effect of the curve fitting through the first mentioned method described as method (a) is shown in Figure 12(a) , and the effect of the curve fitting through the latter mentioned method described as method (b) is shown in Figure 12(b) . It can be seen that the TF ridge line extracted using STFT directly fluctuates strongly in the end of the curve. The results of the estimated parameters obtained through the two methods are shown in Table 2 . Results show that the proposed method achieved a higher accuracy, because the background noise and the interface elements have been eliminated through the proposed method.
The estimated parameters are then applied to TIR to reduce the Doppler effect. The amplitude demodulation function and receiving-time vector are shown in Figures  12(c) and 12(d) . The waveform of the obtained Doppler-free signal and its TFD are shown in Figure 10(b) . The envelope signal of the obtained Doppler-free signal and its envelope spectrum are shown in Figures 13(e) and 13(f) . Comparing with the envelope spectrum of the original signal shown in Figure 13(b) , the FCF of the Doppler-free signal is sharp, narrow, and accurate which indicates that the phenomenon of FCF expansion has been eliminated. As a comparison, the parameters estimated by the traditional STFT method are also used to reduce the Doppler effect. The envelope signal of the obtained Doppler-free signal and its envelope spectrum are shown in Figures 13(c) and 13(d) . It can be seen that 4x and 5x FCF are wider than those of the proposed method which indicates that the Doppler effect has not been eliminated effectively.
After the Doppler effect reduction, however, the noise interference can also be clearly seen and there are many other frequency components which makes the identification of the FCF difficult. The calculated SNR is −10.66 dB. The WCCSR is then employed to amplify the FCF. The optimal output is obtained under the parameters of ℎ opt = 0.027 and opt = 0.017. The output waveform and its FFT spectrum are shown in Figures 13(e) and 13(f) , respectively. It can be seen that BPFO is highlighted and can be clearly identified after the WCCSR-based information enhancement. The SNR has been improved to be −0.45 dB. The results demonstrate that the diagnosis-relevant information is enhanced and the effectiveness and the diagnosis accuracy of the envelope spectrum analysis are thus improved.
Inner-Race Fault Signal Analysis.
The inner-race fault signal is analyzed in this section to further verify the effectiveness of the proposed method. The waveform and the TFD are shown in Figure 14(a) . There is also a Doppler effect phenomenon in the TFD, but the shape characteristic is different from that of the outer-race-fault signal. The envelope waveform and its FFT spectrum are shown in Figures 17(a) and 17(b) . There is also an obvious phenomenon of frequency band expansion and the FCF is blurred. Figures 15(b) and 15(c) . Labels 2 and 4 still remained because their length is large than the set length threshold value. They can be removed by limit of the degree of jump between the searched two adjacent local maximum values during the IF calculation. The obtained IF is shown in Figure 15(d) . The parameters could be attained by curve fitting on the IF using (1) . Figure 16 shows the compared result of the proposed method (method (a)) and the STFT method (method (b)). It can also be seen that the TF ridge line extracted using STFT directly fluctuates strongly. Table 3 shows the curve fitting results using the two methods. Results show that the proposed method also achieved a higher accuracy in this Figure 17 (b), the FCF of the Doppler-free signal is sharp, narrow, and accurate. What is more, the modulation sidebands around the harmonics of the basic fault frequency, spaced at shaft speed for inner-race faults, can be clearly seen which indicates that the phenomenon of FCF expansion has been eliminated. As a comparison, the parameters estimated by the traditional STFT method are also used to reduce the Doppler effect. The envelope signal of the obtained Doppler-free signal and its envelope spectrum are shown in Figures 17(c) and 17(d). It can be seen that the rotating frequency and BPFO are hardly to be identified which indicates that the Doppler effect has not been eliminated effectively. However, in practice, the FCF can hardly be identified by unskilled workers because of disturbance of the rotating frequency and the modulation sidebands. The calculated SNR of the FCF is −18.00 dB. The WCCSR is then employed to amplify the FCF. The optimal output is obtained under the parameters of ℎ opt = 0.018 and opt = 0.09. The output waveform and its FFT spectrum are shown in Figures 17(e) and 17(f), respectively. It can be seen that BPFO is highlighted and can be clearly identified after the WCCSR-based information enhancement. The SNR has been improved to be −1.94 dB. The results demonstrate that the diagnosisrelevant information is enhanced and the effectiveness and the diagnosis accuracy of the envelope spectrum analysis are thus improved. The analysis results in this section have further verified the effectiveness of the proposed parameters estimation method as well as the information enhancement method.
Conclusion
This study proposes solutions for the two problems, namely, the Doppler effect reduction and the weak information enhancement, in the envelope spectrum analysis of the wayside bearing acoustic signal. The proposed method is based on the theoretical background of TIR and WCCSR. As a pavement of the TIR, a new TF ridge line extraction method based on the maximum searching algorithm is proposed to estimate the kinematic parameters. A SRbased signal amplification method is introduced to enhance the weak information. The proposed WCC criterion can guide the output both in time and frequency domain so that the amplification can be conducted adaptively. The advantage of the proposed improved TIR method is the kinematic parameters estimation prior to the time-domain interpolation process. The improvement of conditional TIR overcomes the limitation of the traditional TIR, in which the receiving-time vector is calculated based on the kinematic parameters that should be known beforehand. Thus, the agility and convenience of TIR are improved. A simulated signal is processed and the ridge line is obtained to verify the effectiveness of the new TF ridge line extraction and the parameters estimation using curve fitting. On the other hand, the proposed WCCSR method can highlight the FCF after the Doppler effect has been removed. This process can enhance the weak diagnosis information as much as possible. Experimental cases using a real train wheel bearing are also carried out to further verify the effectiveness of the proposed method. The proposed method may be applicable to practical wayside acoustic bearing detection system to enhance the diagnosis performance. However, the proposed method still has deviation, especially when dealing with inner-race signal because of the discontinuous shock and insufficient quantity of inner-race signal. The accuracy of TF ridge line extraction will be enhanced in the next exploration. And, in practice, the noise must be heavier than the cases studied in this paper, so a real wayside recorded signal from a real train is necessary to be analyzed to further confirm the effectiveness of the WCCSR method.
